Abstract: Biocompatible optical waveguides were constructed entirely of silk fibroin. A silk film (n=1.54) was encapsulated within a silk hydrogel (n=1.34) to form a robust and biocompatible waveguide. Such waveguides were made using only biologically and environmentally friendly materials without the use of harsh solvents. Light was coupled into the silk waveguides by direct incorporation of a glass optical fiber. These waveguides are extremely flexible, and strong enough to survive handling and manipulation. Cutback measurements showed propagation losses of approximately 2 dB/cm. The silk waveguides were found to be capable of guiding light through biological tissue. 
Introduction
The delivery of light to a small volume within the body has tremendous potential to extend the utility of light-based imaging and therapy. Such delivery is challenging due to the absorption and scattering characteristics of biological tissue. In the visible spectrum penetration of light is limited to only a few hundred microns. Absorption of near infrared light by chromophores is minimized around 850 nm resulting in a maximum depth of penetration of several centimeters. However, scattering from cell nuclei and other structures causes light delivered at a point to rapidly diffuse through a large volume of tissue [1] .
Optical fibers are an attractive method for delivery of light because they are small, inexpensive, and highly efficient. Although glass is biologically inert, these fibers are not well suited to biological applications. Broken fibers are sharp and can cause damage to surrounding tissue. Glass is also very stiff and this mechanical mismatch can damage surrounding soft tissue due to either fiber motion or natural body motions such as heartbeat and breathing. The mismatch in stiffness between the tissue and the fiber can result in scar formation [2] which may limit light delivery to the desired target. Implanted glass fibers are currently used to deliver light for treatment of malignant brain tumors [3] , but this technique is limited to severe cases due to the risks outlined above. To wire the body with optical waveguides, a soft light guiding material is needed.
Hydrogels of biopolymers are used as materials for scaffolds in tissue engineering. They are easily interfaced with the biological environment due to their mechanical properties; porosity, which resembles that of extra cellular matrix; and their high water content. Hydrogels capable of transmitting light in vivo have previously been described that are capable of using encapsulated cells for sensing and therapy [4] . The index of refraction of these gels, however, was lower than that of the surrounding tissue making the constructs incapable of guiding light around bends in tissue. This severe limitation was recently addressed by the development of a stepindex optical waveguide made solely from hydrogels that are capable of guiding light around curves in tissue [5] . However, dichloromethane, a harsh organic solvent, is used in their manufacture raising concerns about long term biocompatibility and preventing the encapsulation of cells or functional biomolecules.
The use of hydrogels as waveguides has also been investigated for sensing of various biomolecules [6, 7] . Many hydrogels are amenable to cell encapsulation which can then be used for light-mediated sensing or drug release [4, 8] . Other research into biocompatible optical waveguides have utilized a variety of other materials including cellulose [9] , silicone [10] , agarose [8] , and even bacterial cells [11] , but due to high propagation losses, these materials have not seen rapid adoption.
Silk fibroin has been under steady investigation for the last several decades as an attractive material for tissue engineering due to its all aqueous processing, biocompatibility, nonimmunogenicity, and ability to stabilize labile compounds such as DNA and enzymes [12] . It has also been investigated as an attractive optical material due to its near complete transparency, and ability to conform to nano-scale structures such as photonic crystals and diffraction gratings [13] . Nearly all silk processing is done in water without any harsh chemicals making it possible to dope silk devices with cells [14] , growth factors [15] , and laser dyes [16] . By using a material able to degrade within the body after a period of time, as is possible with silk [17] , the need for a second surgery to retrieve the implanted waveguide is eliminated.
Previous efforts have realized printed silk optical waveguides on quartz which predominantly used ambient air as a cladding layer. These waveguides had low loss (∼0.5 dB/cm) propagation but were not free-standing limiting their utility for in vivo applications [18] .
In this letter we present an optical waveguide made entirely of silk fibroin ( Fig. 1(A) ). The core of the waveguide was a long narrow strip of silk film with an index of refraction of 1.54 [18] . The silk film was surrounded by a silk hydrogel comprised of greater than 90% water resulting in a refractive index of around 1.34. The index of refraction difference was large enough to provide strong guidance and propagation of light within the core of the waveguide. The flexibility, biodegradablility, and low loss of these waveguides makes them ideally suited for biomedical applications. To fabricate the core, silk solution is cast into molds (1A) and allowed to dry into films (1B). For the cladding, HRP and H 2 O 2 are added to a silk solution (1B) and aspirated into a PTFE tube (2B). Prior to gelation, the film is inserted into the liquid gel precursor (3). After the gel precursor solidifies, pressure on the syringe ejects the completed waveguide (4). Panel B: photograph of a 9 cm long silk waveguide coupled to a glass optical fiber knotted to show flexibility. Scale bar indicates 1 cm. Inset: Brightfield microscope image of a cross-section of a 3 mm diameter silk waveguide. Scale bar indicates 1 mm. Arrow indicates the silk film core which is 2.9 mm wide and ∼40 μm thick.
Methods
Silk fibroin was extracted from raw Bombyx mori cocoons as previously described [19] . Succinctly, cocoons were cut and boiled in a 0.02 M solution of sodium carbonate to remove the gum-like serecin protein. The resulting fibroin was dissolved in 9.2 M lithium bromide and subsequently dialyzed against deionized water for 48 hours to remove the salt. Prior to use, the solution was filtered through a 0.22 μm filter to remove any dust or other impurities that would scatter light. To form the core film, 200 μL of 6.5% silk fibroin solution was cast into a poly-dimethylsiloxane (PDMS) mold measuring 2 mm wide by 14.5 cm long and left to dry in ambient conditions. To facilitate coupling into the silk waveguides, a hand-drawn glass fiber taper was inserted into the still liquid silk. The tapered geometry was formed by applying tensile stress on a multi-mode glass fiber (NA = 0.39) while holding it above a butane flame. After the liquid silk dried into a film, the fiber taper was fully encapsulated within the silk. Films with the encapsulated fiber were water-vapor annealed for 2 hours after drying by placing them in a vacuum chamber partially filled with water. This post treatment was necessary to render the initially water soluble films insoluble [20] .
The silk film was then surrounded by a silk hydrogel to act as a cladding. The gels were formed by mixing silk fibroin solution, horseradish peroxidase (10 U/mL), and 10 μL/mL of 1% hydrogen peroxide. The subsequent reaction resulted in the formation of an elastic, optically transparent hydrogel [14] . To produce the desired cylindrical geometry, a 3.18 mm inner diameter Polytetrafluoroethylene (PTFE) tube was used as a mold. The tube was first filled with 10% Tween 20 to prevent the gels from sticking to the PTFE. The tube was cleared of Tween and then shaken vigorously to remove most of the residual surfactant from the inner walls. The silk hydrogel precursor solution was aspirated into the tube using a syringe. While the gel precursor solution was still in the liquid state the silk film core was inserted into the tube. Following gelation, gentle pressure applied to the syringe was sufficient to eject the completed waveguide from the PTFE tube ( Fig. 1(B) ). This entire procedure involves only environmentally and biologically friendly compounds and ambient temperatures making it suitable for cell growth or the inclusion of labile compounds.
The refractive index of the silk gels was measured using spectroscopic ellipsometry. 1 mm thick samples of gels (300 μL volume) were formed on glass slides. These gels were measured at wavelengths ranging from 400 nm to 1300 nm at 70 and 75 degree incident angles. The data were fit to Cauchy's equation to extract the refractive index of the gels. Ellipsometry data collected were found to be a good fit for the Cauchy model. The index of refraction of the gel was found to depend on the concentration of silk in the gel and ranged from 1.33 to 1.36 at 532 nm and varied roughly linearly with increasing silk concentration.
Optical losses in the silk film core were measured via the cutback technique [21] . 4 films with encapsulated optical couplers were prepared and 540 nm light was end-coupled into the glass optical fiber [21] . The silk waveguide was cut at regular intervals and the power output measured after each cut to calculate the loss per unit distance (Fig. 2) .
Results
The loss along the film was found to be relatively constant except high high loss was noted near the tip of the glass coupling fiber. The high initial loss is likely due to unguided modes. For this reason, the first centimeter was excluded from the reported waveguide propagation loss which was calculated based on an average of all the other locations to be 2.0 ± 0.7 dB/cm (mean ± standard deviation). This level of loss is comparable to other polymeric waveguides which range from 0.02 to 5 dB/cm [22] . Observing the films it was noted that most of the losses occurred along the relatively rough edges of the film. Little scattering was seen on the top and bottom surface because air dried silk films are very smooth (< 5 nm rms) [13] . To test whether the silk waveguides were capable of guiding light in biological tissue, the waveguide was inserted into bovine muscle. Two incisions were made in the tissue forming a right angle. The proximal end of the silk waveguide was placed in one of the incisions and threaded around the corner. The incisions were held closed using 23 gauge needles and care was taken to ensure that the tissue contacted the cladding of the waveguide to eliminate guidance due to the index difference between the cladding and air. The incisions were flooded with phosphate buffered saline to make sure that no cladding modes would be guided. Prior to the bend, light could be observed in both the cladding and the core. After the bend light could only be seen in the silk film core (Fig. 3) .
We estimated the approximate light carrying capacity of these waveguides by transversely exposing the silk films to various intensities of green light for 10 s. Following exposure, the films were examined under brightfield microscopy for signs of damage. No damage was noted up to intensities of ∼10 W/cm 2 . Above 11 W/cm 2 , significant thermal damage was observed. These intensities far exceed the damage threshold for tissue indicating that photodamage to the fiber would not be a limiting factor in biomedical applications. provides a convenient interface between the biocompatible waveguides and conventional optical systems. Loss in the waveguide core was measured to be 2.0 dB/cm which is significantly higher than losses reported previously in silk [18] . We believe this is due to surface scattering by the rough edges of the film. When observing the waveguide nearly all of the lost light was seen from the edges. This implies that the loss could be significantly reduced by smoothing the edges or by using a cylindrical core geometry.
Silk is both biocompatible and biodegradable so once implanted waveguides could be left within the body. We estimate, based on data from other types of silk gels, that the cladding of these waveguides would be fully infiltrated by cells and blood vessels after approximately 12 weeks [23] . Once the cladding was infiltrated, the core of the film could last up to an additional year [17] . We expect no disruption of wave guiding properties until the cells reached the interface between the silk film core and the silk gel cladding. When this occurs there would be an increase in scattering losses. We believe losses in the waveguide could be monitored over time to estimate the degree of cellular infiltration into the waveguide.
Biocompatible waveguides capable of delivering light to a point deep within the body have many applications. One such is photodynamic therapy (PDT) which is currently used to treat tumors using photoactivated chemotheraputics. PDT illumination is typically provided transdermally, however, during tumor debulking surgery, it is frequently applied directly to the site of the tumor [24] . In this case, a silk waveguide could be left behind to deliver multiple PDT treatments over time to reduce the likelihood of recurrence. This type of staggered therapy has been shown to be more effective than a single dose of light [25] . After the conclusion of therapy the silk waveguide would degrade eliminating the need for a second surgery to retrieve it. The waveguides described in this letter are both environmentally and biologically friendly using only mild chemicals and producing no toxic byproducts. The ability to bring visible light to a small area deep within the body opens up new avenues of investigation in imaging and therapy.
